Pathological lung overdistention associated with mechanical ventilation at high tidal volumes (ventilator-induced lung injury; VILI) compromises endothelial cell (EC) barrier leading to development of pulmonary edema and increased morbidity and mortality. We have previously shown involvement of microtubule (MT)-associated Rho-specific guanine nucleotide exchange factor GEF-H1 in the agonist-induced regulation of EC permeability. Using an in vitro model of human pulmonary EC exposed to VILI-relevant magnitude of cyclic stretch (18% CS) we tested a hypothesis that CS-induced alterations in MT dynamics contribute to the activation of Rho-dependent signaling via GEF-H1 and mediate early EC response to pathological mechanical stretch. Acute CS (30 min) induced disassembly of MT network, cell reorientation, and activation of Rho pathway, which was prevented by MT stabilizer taxol. siRNA-based GEF-H1 knockdown suppressed CS-induced disassembly of MT network, abolished Rho signaling, and attenuated CS-induced stress fiber formation and EC realignment compared with nonspecific RNA controls. Depletion of GEF-H1 in the murine twohit model of VILI attenuated vascular leak induced by lung ventilation at high tidal volume and thrombin-derived peptide TRAP6. These data show for the first time the critical involvement of microtubules and microtubule-associated GEF-H1 in lung vascular endothelial barrier dysfunction induced by pathological mechanical strain. cyclic stretch; actin; microtubules; endothelium; Rho GEF; mechanical forces REORGANIZATION of the endothelial cell (EC) cytoskeleton, which is composed of actin filaments, microtubules (MT), and intermediate filaments, leads to alteration in cell shape and provides a structural basis for an increase in vascular permeability, implicated in the pathogenesis of many diseases including asthma, sepsis, and acute lung injury (ALI) (24, 37, 41) . MT depolymerization by MT inhibitors nocodazole or vinblastin in pulmonary EC results in increased myosin light chain (MLC) phosphorylation, stress fiber formation, contraction, and EC barrier dysfunction (9, 10, 19, 60, 66) . These effects are linked to the activation of small GTPase Rho and can be attenuated by cell pretreatment with paclitaxel (taxol), which promotes MT stabilization (9, 19, 25) .
cyclic stretch; actin; microtubules; endothelium; Rho GEF; mechanical forces REORGANIZATION of the endothelial cell (EC) cytoskeleton, which is composed of actin filaments, microtubules (MT), and intermediate filaments, leads to alteration in cell shape and provides a structural basis for an increase in vascular permeability, implicated in the pathogenesis of many diseases including asthma, sepsis, and acute lung injury (ALI) (24, 37, 41) . MT depolymerization by MT inhibitors nocodazole or vinblastin in pulmonary EC results in increased myosin light chain (MLC) phosphorylation, stress fiber formation, contraction, and EC barrier dysfunction (9, 10, 19, 60, 66) . These effects are linked to the activation of small GTPase Rho and can be attenuated by cell pretreatment with paclitaxel (taxol), which promotes MT stabilization (9, 19, 25) .
Rho and its downstream target Rho-associated kinase (Rhokinase) may directly catalyze MLC phosphorylation or act indirectly via inactivation of MLC phosphatase (MYPT1) (65, 67) by phosphorylating Thr695, Ser894, and Thr850 (28) , and cause actomyosin-driven cell contraction and EC barrier dysfunction. Guanine nucleotide exchange factor H1 (GEF-H1) has been recently characterized as a Rho-specific GEF, which localizes on microtubules and exhibits Rho-specific activity (54) . In MT-bound state, the guanine-exchange activity of GEF-H1 is suppressed, whereas GEF-H1 release caused by MT disassembly stimulates Rho-specific GEF activity (36) . We and others have previously shown that barrier-disruptive effects of thrombin, TGF-␤1, and TNF␣ are associated with partial disassembly of MT (7-10, 25, 50, 73) , which activated Rho signaling, and, thus further enhanced Rho-dependent mechanisms of agonist-induced EC barrier dysfunction (10, 19, 25, 73) . We have recently reported the protective effect of MT stabilization against thrombin-induced Rho activation and barrier compromise and demonstrated the essential role of MTassociated Rho-specific nucleotide exchange factor GEF-H1 in MT-mediated regulation of Rho activity, cytoskeletal remodeling, and EC permeability (8) .
Clinical observations as well as animal and cell culture studies strongly suggest that mechanical forces play an important role in pathophysiological regulation of the lung barrier, as high magnitude pathological cyclic stretch increases vascular permeability (6) , activates inflammatory cytokine production (32, 69) and apoptosis (31, 51, 56) , which mirrors in vivo alveolar flooding, leukocyte infiltration, and hypoxemia leading to morbidity and mortality (39, 64) . Previous studies by our group indicate the important role of Rho pathway in the lung EC barrier disruption induced by pathological cyclic stretch and inflammatory agents (11, 17) . Our studies strongly suggest that attenuation of Rho activity and stimulation of Rac-dependent mechanisms reduces lung vascular leak and promotes barrier recovery in the in vitro and in vivo models of ALI/ ventilator-induced lung injury (VILI) (11, 17, 47) .
In the current study using in vitro and in vivo models of VILI, we evaluated the involvement of microtubule-associated Rho-specific GEF-H1 in the development of lung vascular dysfunction induced by mechanical stimulation.
MATERIALS AND METHODS
Cell culture and reagents. Human pulmonary artery endothelial cells (HPAEC) and cell culture basal medium (EBM-2) with growth supplements were obtained from Lonza (Allendale, NJ), cultured according to the manufacturer's protocol, and used at passages 5-9. Di-phospho-MLC and GEF-H1 antibodies were obtained from Cell Signaling (Beverly, MA); phospho-MYPT antibodies were purchased from Upstate Biotechnology (Lake Placid, NY); VE-cadherin antibodies were obtained from BD Transduction Laboratories (San Diego, CA); ␤-tubulin antibodies were from Covance (Berkeley, CA). All reagents for immunofluorescence staining were purchased from Molecular Probes (Eugene, OR). Unless specified, biochemical reagents were obtained from Sigma (St. Louis, MO).
Cell culture under cyclic stretch. Cyclic stretch (CS) experiments were performed according to previously described protocol (6, 58) using FX-4000T Flexecell Tension Plus system (Flexcell International, McKeesport, PA) equipped with 25-mm BioFlex Loading Station designed to provide uniform radial and circumferential strain across a membrane surface along all radii. Each BioFlex membrane is stretched over the post when under vacuum pressure, creating a single-plane uniformly stretched circle. The radial and circumferential strain was experimentally determined by vendor (Flexcell International). Experimental measurements demonstrated that the part of the membrane stretching over the post (25-mm diameter) receives uniform strain in the radial direction that was proportional to vacuum level. The nature of such strain results in preferential radial vs. tangential vector of strain at the more proximal areas (visible cell orientation differences at the distance of two-thirds of radius from the center of the membrane). These areas were used for immunofluorescence experiments to better illustrate effects of microtubule stabilization or GEF-H1 depletion on CS-induced cytoskeletal remodeling. In brief, after 72 h of culture, cells were exposed to high-magnitude (18% linear elongation, sinusoidal wave, 25 cycles/min) CS to recapitulate the mechanical stresses experienced by the alveolar endothelium at high tidal volume mechanical ventilation (6, 63) . Control BioFlex plates with static EC culture were placed in the same cell culture incubator and processed similarly to CS-preconditioned cells. At the end of the experiment, cell lysates were collected for Western blot analysis, or CS-exposed endothelial monolayers were fixed and used for immunofluorescence staining.
Immunofluorescence staining and image analysis. CS-exposed endothelial monolayers were fixed in 1.5% glutaraldehyde solution in PBS for 10 min at room temperature, washed three times with PBS, permeabilized with 0.2% Triton X-100 in PBS for 60 min at room temperature, and blocked with 1% sodium borohydrite in PBS three times for 10 min. Incubation with antibodies of interest were performed in blocking solution (2% BSA in PBS) for 1 h at room temperature, followed by staining with Alexa 488-conjugated secondary antibodies (Molecular Probes). Actin filaments were stained with Texas red-conjugated phalloidin for 1 h at room temperature. After immunostaining, the glass slides were prepared using mounting medium (Kirkegaard and Perry Laboratories, Gaithersburg, MD) and analyzed using Nikon video-imaging system (Nikon Instech, Tokyo, Japan) as previously described (5, 11, 12) . Quantitative analysis of assembled MT was performed as previously described (10, 18, 19) .
Knockdown of GEF-H1 in pulmonary EC. To reduce the content of endogenous GEF-H1, cells were treated with gene-specific siRNA duplexes. Predesigned standard purity siRNA sets (Homo sapiens) were ordered from Dharmacon (Lafayette, CO), and transfection of EC with siRNA was performed as previously described (5, 16) . After 48 h of transfection, cells were used for experiments or harvested for Western blot verification of specific protein depletion. For in vivo experiments, predesigned standard purity Stealth GEF-H1-specific mouse siRNA sets were purchased from Invitrogen (Carlsbad, CA). Polymer-based administration of nonspecific or specific siRNA conjugated with polycation polyethilenimine (PEI-22) shown to promote lung-specific DNA and siRNA delivery was used (59, 62) . The optimal concentration of siRNA was determined in the series of preliminary experiments. Liposome-siRNA polyplexes were formed at ratio 1:10 (1 g siRNA per 10 g lipid). SiRNA at 40 g/kg showed the most significant target gene inhibition after 72 h of transfection determined by Western blot analysis. Treated mice showed no signs of nonspecific siRNA-induced inflammation. Nonspecific, nontargeting siRNA (Dharmacon) was used as a control treatment for both in vitro and in vivo experiments.
qRT-PCR. Reverse transcription (RT) was performed with 1 g of total RNA isolated from lung tissue of control and Si-GEF-H1 treated mouse to obtain cDNA with SuperScript II and random primers (Invitrogen) as the primer in a 20-l reaction volume. Each cDNA sample was diluted to 2.6 ng/l in sterile ddH2O, and 5 l of this dilution was used as template for qPCR. Mouse GEF-H1 primers: forward, 5=-GACTCTAGCCAGAGGG-ATCG-3=; reverse, 5=-CT-GCCTGTAGGCCATGTAGA-3=, and mouse housekeeping gene GAPD: forward, GAGTCAACGGATTTGGTCGT-3=; reverse, 5=-TTGATTTTGGAGGGATCTCG-3= for the qPCR reactions, designed for QRT with the length of the amplicons 106 bp and 238 bp, correspondingly. PCR reactions were performed in an optical 384-well plate with an ABI PRISM 7900 HT sequence detection system (Applied Biosystems, Foster City, CA), using QuantiTech PCR SYBR Green I Kit (Qiagen, Valencia, CA) to monitor dsDNA synthesis. Data were analyzed using the SDS 2.2.1 software (Applied Biosystems).
Immunoblotting. After stimulation, cells were lysed, and protein extracts were separated by SDS-PAGE, transferred to nitrocellulose membrane, and probed with specific antibodies as previously described (5) .
Mechanical ventilation protocol. All experimental protocols involving the use of animals were approved by the University of Chicago Institutional Animal Care and Use Committee for the humane treatment of experimental animals. C57BL/6J mice (8 -10 wk old, male) with average weight 20 -25 g (Jackson Laboratories, Bar Harbor, ME) were anesthetized with an intraperitoneal injection of ketamine (75 mg/kg) and acepromazine (1.5 mg/kg). Tracheotomy was performed, and the trachea was cannulated with a 20-gauge, one-inch catheter (Penn-Century, Philadelphia, PA) that was tied into place to prevent air leak. The animals were placed on mechanical ventilator (Harvard Apparatus, Boston, MA). Mice were given a single dose of intratracheal TRAP6 (1.5 ϫ 10 Ϫ5 mol/kg) followed by 4 h of mechanical ventilation with high tidal volume (HTV; 30 ml/kg) ventilation. In experiments with taxol, mice were injected with taxol (3.75 ϫ 10 Ϫ7 mol/kg iv) before TRAP6 instillation and mechanical ventilation. After the experiment, animals were killed by exsanguination under anesthesia. Bronchoalveolar lavage (BAL) was performed using 1 ml of sterile Hanks' balanced salt buffer, and measurements of cell count and protein concentration were conducted as previously described (13, 27) . Measurement of Evans blue accumulation in the lung tissue was performed according to the protocol described previously with few modifications (44, 47) . In brief, Evans blue dye (EBD; 30 ml/kg) was injected into the external jugular vein 2 h before termination of ventilation. At the end of the experiment, thoracotomy was performed, and the lungs were perfused free of blood with PBS containing 5 mM EDTA. Both left lung and right lung were excised and imaged by Kodak digital camera. After imaging, lungs were blotted dry, weighed, and homogenized in PBS (1 ml/100 g tissue).
Homogenized tissue was incubated with 2 vol formamide (18 h, 60°C), centrifuged at 12,000 g for 20 min. Optical density of the supernatant was determined by spectrophotometry at 620 and 740 nm. EBD accumulation (micrograms of Evans blue dye per g lung) in lung homogenates was calculated against a standard curve. For histological assessment of lung injury, the lungs were harvested without lavage collection and stained with hematoxylin and eosin as previously described (27, 47) . Tissue sections were evaluated at ϫ40 magnification.
Statistical analysis. Results are expressed as means Ϯ SD of three to six independent experiments. Experimental samples were compared with controls by unpaired Student's t-test. For multiple-group comparisons, a one-way ANOVA and post hoc multiple comparisons tests were used. P Ͻ 0.05 was considered statistically significant. study examined effects of pathological CS on EC barrier failure-induced MT disassembly. Human pulmonary EC grown to confluence on Flexcell plates were exposed to 18% CS for 2 h and treated with vehicle or nocodazole for 30 min with continuing CS. Cytoskeletal and adherens junction remodeling was monitored by double immunofluorescence staining for F-actin and ␤-catenin. In consistence with previous reports (15, 19) , nocodazole induced monolayer disruption in static EC manifested by stress fiber formation, paracellular gap formation, and disruption of adherens junctions (Fig. 1A) . Quantitative image analysis of control and stimulated EC monolayers after immunofluorescence staining shows that EC exposure to 18% CS further enhanced nocodazole-induced paracellular gap formation (Fig. 1B) . Importantly, EC pretreatment with the MT stabilizer taxol completely inhibited nocodazole-induced barrier disruption in both static and stretched EC. These data suggest a role of MT in stretch-activated signaling.
MT stabilization attenuates CS-induced cell alignment. Actin cytoskeletal remodeling in EC exposed to CS occurs in two phases (6, 71) . Early phase (0 -30 min) is characterized by increased stress fiber formation, F-actin reorientation, and transient appearance of paracellular gaps associated with cell reorientation and reestablishment of monolayer integrity. At later time points (2 h), EC monolayer reorientation is complete, and centrally localized stress fibers partially disappear while peripheral F-actin accumulation is enhanced. The following experiments tested the involvement of MT in cytoskeletal remodeling and cell orientation in response to CS. EC were pretreated with vehicle or taxol for 30 min followed by 18% CS exposure for various periods of time. CS induced rapid cell reorientation at 15 min accompanied by formation of stress fibers and appearance of paracellular gaps ( Fig. 2A) . At 30 min, cells became more oriented in the direction perpendicular to the main distension vector, while stress fibers and paracellular gaps remained evident. At later time points of CS exposure, EC revealed more pronounced orientation accompanied by gradual decrease in number of stress fibers and resealing of paracellular gaps (data not shown). In agreement with a previous report (6) , CS-induced cell alignment was complete by 120 min and characterized by formation of circumferential F-actin rim, disappearance of central stress fibers, and complete resealing of paracellular gaps. Remarkably, stabilization of MT by taxol before CS stimulation significantly decreased stress fiber formation, prevented appearance of paracellular gaps during acute phase of CS (15-30 min), and attenuated CS-induced cell orientation at later time points (120 min) ( Fig. 2A) .
Previous findings suggest involvement of Rho pathway in acute CS-induced stress fiber formation and cytoskeletal remodeling (6, 58) . We next examined effects of 18% CS on site-specific phosphorylation of myosin-binding subunit of MYPT1 at Thr850, which is mediated by Rho-associated kinase. EC exposure to 18% CS rapidly increased phospho-MYPT1 levels, as well as MLC phosphorylation, the two parameters of EC contraction activated by Rho pathway (Fig.  2B) . In turn, MT stabilization by taxol pretreatment suppressed CS-induced MYPT1 and MLC phosphorylation during acute phase of CS (15-30 min) (Fig. 2C ). These results demonstrate the essential role of MT in CS-mediated cytoskeletal rearrangement and intracellular signaling.
Pathological CS alters MT organization. Effects of CS on MT organization were examined in more detail. Analysis of MT structure was performed at time points corresponding to acute phase (30 min) of EC response to CS and at the time point when cell reorientation is complete (120 min). The results were compared with nonstretched EC. Analysis of MT structure shows that under static conditions, MT organized into faint uniformly distributed lattice network (Fig. 3A) . Acute CS induced alignment of MT perpendicular to the main distension vector, and this rearrangement was accompanied by MT depolymerization and significant reduction in a number of assembled MT, which was detected by quantitative image analysis of MT staining (Fig. 3, A and B) . After 120 min of CS, pulmonary EC exhibited strong MT alignment perpendicular to the main distension vector, which was accompanied by complete restoration of MT network (Fig. 3, A and B) .
The pool of stable MT undergoes posttranslational modifications such as acetylation and detyrosination (46) , which may reflect stability of MT network under particular conditions (48, 49, 52). In the following experiments, we analyzed a pool of acetylated MT in CS-stimulated HPAEC. Exposure of EC to 18% CS significantly decreased the amount of acetylated MT during acute phase of CS, as detected by Western blot analysis (Fig. 3C) . Stabilization of MT with taxol completely restored levels of acetylated tubulin in CS-subjected EC compared with static cell culture (Fig. 3D) . These results strongly suggest a role of CS in the modulation of MT organization. These data are also consistent with completion of actin cytoskeletal remodeling, cell alignment, and restoration of EC monolayer integrity at 2 h of CS ( Fig. 2A) . Importantly, protective effects of taxol against CS-induced partial MT disassembly correlate well with the taxol-induced suppression of CS-induced Rho signaling (Fig. 2B) and suggest a link between CS-induced partial MT disassembly and Rho activation. The next experiments examined a role of MT-associated signaling in CSinduced Rho activation.
GEF-H1 knockdown attenuates CS-induced cytoskeletal rearrangement.
We have previously described a key role for MT-associated Rho-specific GEF-H1 in the regulation of Rho activity by changes in MT assembly/disassembly status (8) . We next tested the involvement of GEF-H1 in intracellular signaling and cytoskeletal remodeling in pulmonary EC exposed to pathological CS using GEF-H1 knockdown by specific siRNA. HPAEC were transiently transfected with GEF-H1-specific or nonspecific siRNA for 72 h. GEF-H1 knockdown was confirmed by Western blot (Fig. 4A) . Actin cytoskeletal remodeling in control and siRNA-treated EC monolayers exposed to 18% CS was analyzed by immunofluorescence staining of F-actin. In contrast to nontransfected EC ( Fig. 2A) or EC transfected with nonspecific RNA, GEF-H1 knockdown decreased CS-induced stress fiber formation and paracellular gap formation, prevented cell reorientation after 30 min of CS (Fig. 4A) , and impaired EC alignment after 120 min of CS compared with nonspecific siRNA controls (Fig.  4A ) or nontransfected cells (Fig. 2A) . Biochemical analysis of Rho pathway activation showed that GEF-H1 knockdown decreased phosphorylation of Rho downstream targets MYPT1 (Fig. 4B) and MLC (Fig. 4C ) in response to acute 18% CS (5-45 min) compared with cells transfected with nonspecific siRNA. In static EC culture, silencing of GEF-H1 did not significantly affect actin arrangement and levels of MLC and MYPT phosphorylation (data not shown). These data delineate involvement of GEF-H1 in the mechanisms of mechanotransduction.
GEF-H1 controls stretch-dependent MT dynamics in pulmonary EC.
We have previously reported a positive feedback mechanism of agonist-induced Rho activation and increased EC permeability via transient disassembly of MT network and release of MT-associated Rho-specific guanine nucleotide exchange factor GEF-H1 (10) . To test the role of GEF-H1 in the regulation of MT stability by mechanical forces, endogenous GEF-H1 was depleted using specific siRNA, and MT structure in control and stretched pulmonary EC was analyzed by immunofluorescence staining with tubulin antibody. Similar to nontransfected cells (Fig. 3A) , acute 18% CS (30 min) caused MT reorientation accompanied by MT disassembly in EC treated with nonspecific siRNA. In contrast, GEF-H1 depletion inhibited MT reorientation and prevented MT disassembly in EC exposed to 30-min CS (Fig. 5A) . These data were further confirmed by quantitative image analysis of assembled MT (Fig. 5B) . Prolonged CS treatment (2 h) showed restoration and alignment of MT network in both GEF-H1-depeleted and control cells (Fig. 5A) . Analysis of stable MT pool by Western blot with acetylated tubulin antibody showed that GEF-H1 knockdown significantly attenuated decline in the levels of acetylated tubulin induced by 30-min CS (Fig. 5C ). These findings support a critical role of GEF-H1 in CS-mediated regulation of MT organization.
Microtubule stabilization attenuates VILI in vivo. To link in vitro results with Rho-dependent signal transduction in vivo, we used a clinically relevant two-hit model of lung injury induced by HTV mechanical ventilation and TRAP6, the thrombin-derived nonthrombogenic peptide that serves as a PAR1 receptor ligand. Development of VILI in vivo is a complex process mediated by activation of several cell types (i.e., endothelium, neutrophils, macrophages, alveolar epithelium) by pathological mechanical stretch as well as by elevations of circulating proinflammatory cytokines and mediators (IL-8, IL-1␤, coagulation proteins, etc.), and a two-hit (or even multiple-hit) model of VILI is a currently accepted model (39) . Increased production of proinflammatory cytokines in animal models becomes evident after two and more hours of mechanical ventilation (30, 38) and remains elevated for several hours thereafter. Therefore, increased lung vascular barrier permeability is observed even after 4 h of HTV mechanical ventilation. Reversibility of CS-and thrombin-induced EC barrier dysfunction observed in cell cultures may be explained by inactivation of thrombin or receptor desensitization in vitro, whereas down- regulation of pathological mediator signaling and synergistic effects of mechanical stretch in the inflamed lung requires a more prolonged period of time. Our recent report (14) demonstrates that TRAP6 alone at concentrations used in this study (1.5 ϫ 10 Ϫ5 mol/kg) has no effect on lung permeability. Higher TRAP6 doses (3 ϫ 10 Ϫ5 mol/kg) increased cell counts and protein concentration in the BAL fluid in spontaneously ventilated mice, but at the same time increased lethality in mice exposed to HTV ventilation. Thus, potentiation of ventilator-induced lung permeability by subthreshold concentrations of TRAP6 may adequately represent a two-hit model of VILI.
In the following experiments, we investigated effects of MT stabilization by taxol on parameters of lung injury in the TRAP6/HTV model. Mice were intravenously injected with vehicle or taxol before mechanical ventilation at HTV (30 ml/kg, 4 h) in the presence of TRAP6. At the end of experiments, BAL and tissue harvesting were performed as described in MATERIALS AND METHODS. Taxol administration significantly reduced TRAP6/HTV-induced increases in BAL cell count and protein concentration (2.48 Ϯ 0.87 ϫ 10 5 cells/ml vs. 3.69 Ϯ 0.73 ϫ 10 5 cells/ml in TRAP6/HTV, P Ͻ 0.01; and 0.25 Ϯ 0.08 mg/ml vs. 0.36 Ϯ 0.07 mg/ml in TRAP6/HTV, P Ͻ 0.03, respectively) (Fig. 6) . These data suggest a role for MT and MT-mediated signaling in the development of VILI.
GEF-H1 depletion attenuates VILI in vivo.
In the following experiments, we utilized an in vivo TRAP6/HTV model to address a role of MT-associated GEF-H1-mediated signaling in lung injury induced by mechanical ventilation. Using siRNA approach, we performed in vivo knockdown of GEF-H1. Mice were transfected with nonspecific or GEF-H1-specific siRNA for 72 h followed by mechanical ventilation at HTV with or without TRAP6 administration. In mice transfected with nonspecific RNA, HTV caused a prominent increase in BAL cell count and protein concentration (3.25 Ϯ 0.39 ϫ 10 5 cells/ml vs. 1.31 Ϯ 0.41 ϫ 10 5 cells/ml in control, P Ͻ 0.001; and 0.30 Ϯ 0.01 mg/ml vs. 0.14 Ϯ 0.06 mg/ml in control, P Ͻ 0.001, respectively) (Fig. 7A ). In agreement with our previous data (14) , TRAP6 instillation further promoted HTV-induced lung injury, detected by measurements of BAL cell count and protein concentration (4.49 Ϯ 0.96 ϫ 10 5 cells/ml in TRAP6/HTV vs. 3.25 Ϯ 0.39 ϫ 10 5 cells/ml in HTV alone, P Ͻ 0.01; and 0.35 Ϯ 0.08 mg/ml in TRAP6/HTV vs. 0.30 Ϯ 0.01 mg/ml in HTV alone, P Ͻ 0.04, respectively). Importantly, GEF-H1 depletion significantly reduced lung injury in both models, as detected by measurements of cell count and protein content levels in BAL fluid from HTV-and TRAP6/ HTV-subjected animals (2.39 Ϯ 0.35 ϫ 10 5 cells/ml vs. 3.25 Ϯ 0.39 ϫ 10 5 cells/ml in HTV, P Ͻ 0.01; 3.01 Ϯ 0.57 ϫ 10 5 cells/ml vs. 4.49 Ϯ 0.96 ϫ 10 5 cells/ml in TRAP6/HTV, P Ͻ 0.01, for cell counts; and 0.20 Ϯ 0.03 mg/ml vs. 0.30 Ϯ 0.01 mg/ml in HTV, P Ͻ 0.01; 0.21 Ϯ 0.05 mg/ml vs. 0.35 Ϯ 0.08 mg/ml in TRAP6/HTV, P Ͻ 0.01, for protein concentration) (Fig. 7A) . Knockdown of GEF-H1 was confirmed by qRT-PCR and by Western blot analysis of lung tissue (Fig. 7B) .
Histological analysis of lung sections stained with hematoxylin and eosin revealed that in animals transfected with nonspecific RNA, TRAP6/HTV caused inflammatory cell infiltration in the lung parenchyma and alveolar hemorrhage, which indicate vascular barrier compromise. These effects were attenuated by GEF-H1 downregulation with siRNA (Fig. 7C) .
The role of GEF-H1 in the development of VILI was further assessed by measurement of Evans blue leakage into the lung tissue. Consistent with our previous data (47), TRAP6/HTV induced Evans blue leakage from the vascular space into the lung parenchyma in mice transfected with nonspecific RNA. Importantly, TRAP6/HTV-induced Evans blue accumulation was significantly suppressed in the lungs from animals with depleted GEF-H1 (Fig. 7D ). There were no significant histological changes and Evans blue tissue accumulation in the lungs from control mice treated with GEF-H1-specific siRNA compared with animals treated with nonspecific RNA (data not shown). Collectively, these data show the essential role of GEF-H1 signaling in the development of lung injury in the two-hit model of VILI. Ϫ7 mol/kg iv) before TRAP6 instillation (1.5 ϫ 10 Ϫ5 mol/kg it) and mechanical ventilation at HTV (30 ml/kg, 4 h). BAL cell count and protein concentration were determined as described in MATERIALS AND METHODS. Data are expressed as means Ϯ SD of 4 independent experiments; *P Ͻ 0.05.
DISCUSSION
ALI is a devastating clinical syndrome characterized by acute lung inflammation and vascular barrier disruption that affects Ͼ200,000 patients per year in the U.S. and leads to 30 -50% mortality (1) . Mechanical ventilation, particularly with HTV, can worsen or even cause de novo lung injury. Direct contribution of Rho signaling in the lung vascular barrier dysfunction has been shown in the animal models of ALI/VILI and in pulmonary endothelial cell monolayers exposed to pathological CS and edemagenic agonists in vitro (13, 26, 47, 61) . In turn, attenuation of Rho signaling by barrier-protective oxidized phospholipids, sphingosine 1-phosphate, or prostacyclin analogs reduced lung endothelial hyperpermeability and improved indices of lung injury in the animal models of ALI/VILI (20, 40, 47, 61) .
Similar to Rho activation by edemagenic and inflammatory mediators, applied mechanical strain transmitted from extracellular matrix to focal adhesions of vascular lung endothelial cells may also activate Rho (42) , which via Rho kinase may coordinate the entire process of focal adhesion maturation and induce myosin II-driven tension (3) leading to increased lung vascular leak. Studies of cells exposed to mechanical forces in vitro show that mechanical strain or centripetal pulling of the cell by micropipette causes redistribution of focal adhesions, their elongation, and increases in size (55, 58) . This process activates Rho GTPase leading to activation of Rho kinasedependent actomyosin contraction (55) and signaling in the focal adhesions (45, 70) . Although several intriguing hypotheses have been proposed to explain mechanisms of mechanosensing and stretch-induced Rho activation by focal adhesions (3, 57) , they await further experimental validation.
The results of this study show that MT stabilization prevents stretch-induced transient gap formation (Fig. 2A, 15 -and 30-min time points) and Rho kinase-dependent phosphoryla- Fig. 7 . Role of GEF-H1 in the development of VILI. Mice were transfected with nonspecific or GEF-H1-specific siRNA for 72 h followed by mechanical ventilation at HTV (30 ml/kg, 4 h) with or without TRAP6 instillation (1.5 ϫ 10 Ϫ5 mol/mouse, it). A: BAL cell count and protein concentration were determined as described in MATERIALS AND METHODS. Data are expressed as means Ϯ SD of 4 independent experiments; *P Ͻ 0.01. B: downregulation of GEF-H1 expression was confirmed by qRT-PCR and by Western blot analysis of lung tissue samples. C: whole lungs were fixed, embedded in paraffin, and used for histological evaluation by hematoxylin and eosin staining (n ϭ 3-5 per group). D and E: effect of GEF-H1 knockdown on HTV-induced vascular leak was analyzed by Evans blue-labeled albumin extravasation into the lung tissue (D). The quantitative analysis of Evans blue-labeled albumin extravasation was performed by spectrophotometric analysis of Evans blue extracted from the lung tissue samples (E) (n ϭ 4 per group; *P Ͻ 0.05).
tion of MYPT1 in pulmonary EC, whereas combination of mechanical stretch and MT disassembly caused by nocodazole dramatically enhances EC barrier disruption via stimulation of Rho pathway of EC permeability. These data indicate the involvement of MT-associated factor(s) in CS-induced control of Rho signaling. Our previous studies show that partial MT destabilization by edemagenic agonists leads to release and activation of MT-associated Rho-specific guanine nucleotide exchange factor GEF-H1 (8) . Because pathological CS also induced partial MT disassembly, we hypothesized that GEF-H1 may serve as a mechanotransducer involved in CSinduced Rho activation in endothelial cells. To test this hypothesis, we depleted GEF-H1 using siRNA approach. GEF-H1 knockdown prevented CS-induced activation of Rho pathway judged by reduced phospho-MYPT1 and phospho-MLC levels and markedly attenuated parameters of lung barrier dysfunction in the murine model of TRAP6/VILI.
Activation of Rho pathway leads to increased permeability, stress fiber formation, actomyosin contraction, and paracellular gap formation in LPS-stimulated endothelial cells and mediates lung barrier dysfunction in the animal models of LPS and VILI (13, 26, 61) . A recent report by Mirzapoiazova et al. (43) showed that microtubule stabilization with taxol attenuated lung inflammation and vascular leak induced by intratracheal LPS instillation. Taxol pretreatment decreased LPS-induced infiltration of proteins and inflammatory cells into BAL fluid, reduced lung myeloperoxidase activity, and decreased extravasation of Evans blue-labeled albumin into lung tissue. Therefore, observed lung protection by taxol may be explained by the mechanism described in this study, i.e., MT stabilization and downregulation of GEF-H1 activity leading to reduction of Rho signaling.
This study shows that molecular inhibition of GEF-H1 attenuated TRAP6-independent lung barrier dysfunction caused by HTV alone. However, TRAP6 in the two-hit model of VILI may engage additional mechanisms leading to activation of Rho signaling and development of lung edema. A study by Jenkins et al. (33) showed that intratracheal instillation of the PAR1-specific peptide TFLLRN may increase lung edema during HTV ventilation and proposed additional mechanism of PAR1-mediated activation of ␣ v ␤ 6 -integrins leading to activation of latent TGF-␤. TGF-␤ activation is known to trigger Rho signaling and also causes partial destabilization of microtubules in pulmonary endothelial cells associated with increased permeability (14) . Thus, GEF-H1-dependent microtubule destabilization caused by pathological mechanical stretch may overlap with MT perturbations associated with activation of TGF-␤ signaling, and attenuation of lung vascular permeability by microtubule stabilization or GEF-H1 depletion described in this study may target both mechanisms.
The exact mechanism of CS-induced MT disassembly remains unknown. Interestingly, step-wise tensile mechanical stress increases MT assembly in vascular smooth muscle cells, whereas compressive mechanical strain decreases MT assembly and induces Rho membrane localization indicative of Rho activation (53) . CS stimulation of alveolar epithelial cell line A549 decreased the MT network but increased the acetylation state of remaining polymerized tubulin (29) . Such increased acetylation of polymerized tubulin has been hypothesized to serve as protection of remaining MT network from further disassembly by continuing mechanical strain. In addition, initial disruption of EC monolayer integrity induced by CS may trigger mechanisms aimed at restoration of endothelial barrier. For example, disruption of EC junctions activates small GTPase Rap1, which then triggers Rac1 signaling leading to activation of cortical cytoskeleton and reannealing of adherens junctions (35) . Interestingly, such Rac-mediated reparation mechanism may lead to inhibition of Rho activity by activating adherens junction-associated Rho inhibitor p190RhoGAP (68) . In addition, Rac activation also contributes to stabilization of microtubule network (21) , and, as a consequence, association of GEF-H1 with microtubules and GEF-H1 inactivation.
Our experiments show that microtubule stabilization by taxol decreases parameters of VILI. These data suggest a direct role of MT destabilization leading to GEF-H1 release and activation, in the HTV-induced lung vascular leak. However, we do not exclude that GEF-H1 activation by mechanical signals may be combined with GEF-H1 activation by other mechanisms. Prolonged mechanical ventilation at HTV stimulates the release of proinflammatory mediators stimulating lung inflammation, a condition defined as biotrauma (23) . TNF-␣ is one inflammatory cytokine released as a result of lung overinflation (2) and has been recently identified as an activator of GEF-H1-mediated Rho signaling via Erk MAP kinase-dependent mechanism (34) . Together, this study and published data demonstrate complexity of cellular mechanisms triggered by lung overinflation that are dictated by cross-talk between mechanotransduction pathways and signaling induced by spectrum of inflammatory mediators.
The results of this study and published data (4, 8, 36) show that pathological GEF-H1 signaling occurs under circumstances that either lead to MT depolymerization or interfere with ability of GEF-H1 to associate with microtubules. In this connection, GEF-H1 has been recently suggested as a potential drug target for diseases that involve aberrant Rho signaling and altered dynamics of microtubule cytoskeleton (4). Consideration of GEF-H1 drug targeting may be advantageous compared with direct pharmacological inhibitors of Rho or Rhokinase activity, because pharmacological targeting of GEF-H1 will inhibit the aberrant or excessive Rho signaling resulting from pathological conditions associated with MT disruption, whereas basal Rho functions regulated by other mechanisms will remain unchanged. In addition to MT-dependent mechanism, GEF-H1 activity may be negatively regulated by Rac mechanism via PAK1-or PAK-4-mediated phosphorylation at Ser810 (22, 72) . This mechanism may explain inhibition of Rho signaling by Rac-activating agents such as oxidized phospholipids, hepatocyte growth factor, or sphingosine 1-phosphate, which ultimately lead to barrier-protective effects in the models of ALI.
In summary, this study describes a novel mechanism of stretch-induced activation of barrier-disruptive Rho signaling by MT-associated Rho-specific guanine nucleotide exchange factor GEF-H1. Our results suggest beneficial effects of stabilization of MT network and GEF-H1 targeting to MT that may be considered as future therapies for the treatment of VILI and ARDS.
